Introduction
Microcavity lasers [1] , which can confine light in a small mode volume with high qualityfactor (Q-factor), have become an important subject of study [2] - [5] not only for optoelectronic applications with densely integrated optical components but also for fundamental studies such as cavity quantum electrodynamics, chaotic ray dynamics and nonlinear optical processes. In the past 20 years, significant progress has been made in designing whispering gallery mode (WGM) lasers [6, 7] such as micro-disks [8] - [10] , micro-cylinder [11, 12] , and micro-droplet lasers [13] . By employing total internal reflection, ultra-low threshold lasers [14, 15] , and ultrahigh Q-factor lasers [9, 16] have been demonstrated. Although microcavity lasers supporting WGMs have many advantages, a serious disadvantage is that their optical power output is low and their far-field profile is isotropic. Such properties limit their potential applications.
To improve the output coupling efficiency and directionality of microcavity lasers, various types of deformed structures [17] - [20] were proposed and/or demonstrated in a variety of gain media including polymers and semiconductors. These various geometries include quadrupolar-shaped lasers [21, 22] , bow-tie lasers [23] , asymmetric optical resonators with rational caustics [24, 25] , stadium-shaped lasers [26] , annular-shaped lasers [27] and spiralshaped lasers [28] - [32] .
Among these devices, electrically pumped mid-infrared quantum cascade lasers (QCLs) are of special interest [11] , [22] - [24] , [30, 31] because they are unipolar devices [33, 34] , and hence they are not sensitive to undesirable surface recombination as is the case of diode lasers. In addition, mid-infrared QCLs have a relatively long emission wavelength, therefore reducing scattering losses due to roughness along the etched sidewalls of the microcavity. Finally their 3 TM polarization constrains the propagation to two dimensions, making it straightforward to relate the non-integrable ray dynamics of deformed resonators to shape changes. In summary microcavity QCLs are a model system to study situations when the optical wave equation is nonseparable (as in deformed resonators), i.e. when the corresponding ray motion typically exhibits fully or partially chaotic dynamics, a limit known as quantum or wave chaos [23] . However, very few deformed QCLs have shown promise in terms of achieving highly directional emission, while preserving a relatively high Q [24] , one of the key factors to achieve a reasonably low laser threshold. In addition, the Q-factor of these devices degrades significantly with increasing deformation due to the Q spoiling effect [35] .
Recently, a novel Limaçon-shaped microcavity laser, capable of achieving directional light output while keeping high Q-factor whispering gallery-like modes, has been proposed [36] and demonstrated with QCLs [37] . In this paper, we report a comprehensive study of the mode spectra and beam profiles of mid-infrared QCLs with Limaçon-shaped microcavity. We have obtained whispering gallery-like mode QCLs emitting at λ ≈ 10 µm with a peak output power ∼10 mW and a far-field divergence angle θ ≈ 33 • in the plane to the cavity. A Q-factor of more than 1000, mostly limited by the high optical losses associated with free carrier absorption at mid-infrared wavelength, was deduced from the data. The far-field profiles of the Limaçon microcavity QCLs fabricated with various deformations were calculated based on both ray optics and wave simulations, and found to be in good agreement with experimental results. Compared with ridge QCLs, Limaçon-shaped microcavity QCLs have similar far-field divergence angles in both vertical and lateral directions with respect to the plane of the cavity, but lower threshold current densities. The successful demonstration of these microcavity lasers may lead to possible applications in photonic integrated circuits (PICs).
The paper is organized as follows: in section 2, the waveguide structure and the fabrication of the devices are discussed. In section 3, the performance of the Limaçon-shaped microcavity QCLs is reported, including light-current-voltage characteristics, mode spectra, lateral and vertical far-field profiles, threshold current densities, Q-factors and the robustness of the structure. Comprehensive numerical simulations are also presented in this section and compared with experimental results. Section 4 concludes the paper.
Device structure and fabrication
The deformed microcavity QCL was based on lattice matched Ga 0.47 In 0.53 As/Al 0.48 In 0.52 As heterostructures grown by molecular beam epitaxy (MBE) on top of an n-doped (3 × 10 18 cm −3 ) InP substrate. The active region consists of 35 periodic stages, each consisting of a fourwell double-phonon active region structure [38] , targeted for light emission around 10 µm and a superlattice injector that also serves as an energy relaxation region for electrons exiting the previous stage. The active region is sandwiched between two 520 nm-thick n-doped (3 × 10 16 cm −3 ) InGaAs layers followed by two 3.5 µm-thick n-doped (1 × 10 17 cm −3 ) epitaxial InP cladding layers. A 0.5 µm-thick n-doped (5 × 10 18 cm −3 ) InP layer was deposited on the top of the cladding layer, followed by a 10 nm highly n-doped (1 × 10 19 cm −3 ) InP contact layer.
The QCL material was processed into a Limaçon-shaped structure, which is defined by
where ε is the deformation factor and R 0 is the radius of curvature when θ = π/2; see figure 1(a) for the optical microscope image of the top view of a device with R 0 = 80 µm and ε = 0.40. We fabricated devices with different sizes R 0 = 50, 80 and 110 µm and different deformations ε = 0.20, 0.30, 0.37, 0.40, 0.43, 0.46, 0.50, 0.67, 0.70 and 0.80. Photolithography was used to define the contour of the laser and the structure was etched through the gain medium using inductively coupled plasma reactive ion etching (ICP RIE). A recipe utilizing HCl, BCl 3 and Ar was optimized to obtain vertical and smooth sidewalls. Then, a top metal contact Ti/Au (10 nm/200 nm) was deposited by using electron-beam evaporation. The substrate was subsequently thinned down to about 200 µm, and a Ti/Au back contact was deposited. A scanning electron microscope (SEM) image of the device sidewall (figure 1(b)) shows a roughness of about 300 nm, which gives minor scattering considering that the wavelength of the laser is in the mid-infrared range. The devices were then soldered with indium to copper heat sinks and wire bonded. For each size and deformation of the structure, several samples were cleaved and tested to allow a repeatable and meaningful statistical analysis.
Device characterization and analysis
All of the devices tested, independent of their different sizes and deformations, demonstrated laser action at room temperature in pulsed mode operation at a duty cycle of 1% (pulse width 125 ns and repetition rate 80 kHz). We measured the electrical and power characteristics of the Limaçon-shaped QCLs, their optical mode spectra and the far-field profiles in the planes perpendicular and parallel to the cavity. was used in order to collect the light concentrated in the main lobe present in the far-field, which contains more than 50% of the total output power emitted in all directions as illustrated in section 3.3. As shown in figure 2(a), a peak output power from the main peak close to 10 mW was obtained. The threshold current density of this Limaçon microcavity laser is about 2.0 kA cm −2 . To compare this light output level with that of a traditional edge-emitting ridge QC lasers with similar sizes, we fabricated ridge QC lasers from the same wafer material and measured the voltage-current and output power-current characteristics from a device with a length of 2.5 mm and 14 µm width. The results are shown in figure 2(b). The maximum peak power from one facet of the ridge laser was close to 50 mW, and the threshold current density is about 2.6 kA cm −2 . Due to the presence of whispering gallery-like modes with high Q-factors (as discussed below), the Limaçon microcavity has a lower threshold current density. However, because only a small fraction (along the boundary of the cavity due to the presence of whispering gallery-like modes) of the pumped volume participates in the generation of photons, the output power is lower than that of the ridge laser.
Light-current-voltage characteristics and comparison with ridge lasers
The light output power characteristics as a function of the deformations from various Limaçon-shaped lasers with the same size R 0 = 80 µm were also measured, as shown in figure 3 (square symbols). The collected output power increases with increasing deformation ε because more optical power is coupled out of the cavity. The dependence of the far-field and the outcoupling as a function of deformation is discussed in the section 3.3. The maximum output power integrated over all directions is also shown in figure 3 and was determined by multiplying: (i) the maximum power obtained with the powermeter aligned along the θ = 0 o direction and (ii) the ratio of intensity emitted by the devices over 360 • and between θ = ±50 • (corresponding to the collection angle of our power meter). This ratio was deduced by integrating the measured far-field data. 
Spectral characterization
The emission spectrum of a number of devices was characterized using a high-resolution Fourier transform infrared spectrometer (FTIR) equipped with a liquid nitrogen cooled mercury-cadmium-telluride (MCT) detector. Figure 4 (a) shows the emission spectra (resolution of 0.125 cm −1 ) of a Limaçon microcavity QCL with R 0 = 80 µm and deformation ε = 0.40 measured at different pumping levels along the θ = 0 direction. We note that the spectra measured at any angle were identical to the ones measured under the conditions described above. As shown in figure 4(a), the laser emission is single mode with an emission wavelength of λ ≈ 9.8 µm (wavenumber 1/λ = 1018 cm −1 ) close to threshold current (380 mA). At a pumping current of 500 mA, two sets of optical modes appear, corresponding to the two highest Qfactor whispering gallery-like modes (see figures 7(a) and (b)). One set of modes has features at 996.87, 1003.16 and 1009.17 cm −1 while the other set has peaks positioned at 1012.11, 1018.05 and 1023.87 cm −1 . The mode spacing in each set is approximately 6.0 cm −1 . This value agrees very well with the calculated mode spacing (6.2 cm −1 ) for fundamental WGMs given by 1/(L * n eff ), where L is the perimeter of the structure, and n eff ≈ 3.2 is the effective refractive index for TM polarization, deduced from the mode spacing of a Fabry-Perot type ridge laser. Note that the polarization of QCLs is TM due to the selection rules of intersubbard transitions. At currents close to the roll-over of the L-I curve, additional non-WGMs appear at 1007.17, 1010.40, 1010.89 and 1014.92 cm −1 .
It is intuitively understandable that if ε 0.50, the Limaçon microcavity cannot support whispering gallery-like modes because the shape of the boundary changes significantly from a circle (as shown in the insets of figure 6 ). To verify this, we measured the emission spectra of Limaçon microcavity QC lasers with higher deformations. Figure 4 (b) shows the results obtained with a device characterized by R 0 = 110 µm and ε = 0.70 measured at different pumping levels along the θ = 0 direction. There is no sign of equally spaced modes in the spectra corresponding to WGMs with mode spacing 1/(L * n eff ). In section 3.3.1, we will discuss in detail the transition from whispering gallery-like modes to non-WGMs when the deformation factor increases.
Far-field profile
3.3.1. Ray optics and wave simulations. The far-field profiles in the plane perpendicular to the QCL growth direction were first calculated with ray optics simulations. The simulations were carried out by starting a set of 30 000 rays along the cavity boundary (arc length s measured from the θ = 0 direction, angle of incidence χ at the cavity boundary) with whispering gallery-like mode initial conditions (0.8 < |sinχ| < 1). The rays propagate following the laws of specular reflection, using Fresnel laws (see [36] for details). Light escaping the cavity according to Snell's law was collected as the far-field characteristics. Note that since the radius of curvature at any point along the resonator boundary is much larger than the wavelength in the material the use of Fresnel and Snell laws is valid. Figure 5(a) shows the Poincaré surface of section (SOS) of rays leaving the Limaçon cavity with deformation ε = 0.4 and R 0 = 80 µm. The character of the ray trajectories is chaotic, while the far-field profile is determined by the path in phase space that the rays take to escape the cavity by entering the leaky region, defined by the critical lines, −1/n eff < sinχ < 1/n eff (the sign of χ distinguishes the two possible senses of rotation), where the condition of total internal reflection is no longer fulfilled (the entity of these points is the figure 5 (a). The escape paths from A, B, C and D are also discussed in wave simulations in the later part of this section. The comprehensive far-field profiles with various deformations from 0.2 to 0.7 were also calculated as shown in figure 6 .
From the simulations, we observed that the optimum deformation is around ε = 0.40, as it gives the smallest far-field divergence, defined as the full-width at half-maximum (FWHM) of the main far-field lobe along the θ = 0 line. The divergence of the optimal structure is about 30 • . We notice that for ε = 0.20, the far-field divergence angle is comparable to that of ε = 0.40; however, the output power is dramatically smaller than that of ε = 0.40, by a factor of more than 10 times according to both simulations and experiments (see figure 3 ). This is because ε = 0.20 corresponds to a geometry very close to a circular disk and hence the output power is small.
We also carried out wave simulations on the Limaçon structures by solving Maxwell equations numerically using the finite element method; detailed information on our simulation technique can be found in [39] . Figures 7(a) -(c) show the intensity distribution of some TM modes calculated for a structure with ε = 0.40 and R 0 = 80 µm. The insets show the corresponding external near-field patterns. The modes in figures 7(a) and (b) are the two highest Q whispering gallery-like modes with (theoretical) Q-factors > 10 7 , and thus can be excited at a low pumping current above threshold. It is therefore reasonable to assume that they correspond to the two sets of whispering gallery-like mode observed in the experiment as shown in figure 4 (a) at a pumping current of 500 mA. The mode in figure 7 (c) has a medium Q-factor of about 18 000 and is similar to the modes observed in [36] . Interestingly, all these three modes (and in fact all medium-Q and high-Q modes that we studied) show similar external near-field patterns (see the insets of figures 7(a)-(c)) and far-field patterns (see the inset of figure 7(d) ). This is what is called 'universal far-field behavior', which was also studied and observed previously in other deformed microcavities [40] . The reason for this 'universal farfield behavior' is that the emission directionality is mainly determined by the structure of the unstable manifolds in the leaky region, as seen in figure 5(a) , which are determined by the geometric shape of the deformed microcavity, regardless of the different spatial distributions of these modes inside the cavity. Furthermore, the wave simulation agrees very well with the ray optics simulation, as shown in figure 7(d) . The results of these two simulation techniques differ just in some minor details which prove the validity of the two methods.
To illustrate the transition from whispering gallery-like modes to non-WGMs when increasing the deformations of Limaçon microcavity QC lasers, as discussed experimentally in figures 4(a) and (b), we performed wave simulations with different deformations ε = 0.5 and 0.6 while keeping R 0 = 80 µm. As shown in figure 8(a) , a transition from whispering gallerylike modes to a more complex structure (we refer this to the quasi-WG-type mode) occurs for ε = 0.5. While at ε = 0.6, see figure 8 (b), the highest Q-factor mode is not whispering gallery-like but a quite complex distribution in the cavity. Therefore, combining the simulations of figures 7(a) and (b) with those of figures 8(a) and (b), we can expect whispering gallery-like modes for ε < 0.5, quasi-WG-type mode at ε = 0.5, and non-WGMs for ε > 0.5 in the Limaçon microcavities. Intensity distribution of the TM modes inside the cavity calculated with wave simulations (ε = 0.40 and R 0 = 80 µm): (a) the highest quality-factor (Qfactor) whispering gallery-like mode; (b) the second highest Q-factor whispering gallery-like mode; (c) one of the low Q-factor modes, and each inset of (a-c) is the external intensity distribution of the corresponding mode; (d) comparison of the far-field profiles obtained with wave simulation (corresponding to the mode in (a)) and ray optics simulation, the inset shows that the far-field profiles of the three different modes in (a-c) are similar. All far-field profiles are normalized to their maximum values. Note the modes have very similar far-field profiles, the so-called 'universal far-field behavior'.
Far-field measurements.
To measure the far-field profiles, we used a setup based on a motorized rotation stage [41] : the laser was placed on a sample holder fixed at the center of the rotation stage. An MCT detector positioned on an arm attached to the stage was scanned in the far field. The setup has an angular resolution of about 0.25 • and the samples were rotated in steps of 0.5 • . The measurement of far-field profiles was performed over 360 • .
We obtained a very good overall agreement between the simulated and measured farfield profiles. Shown in figure 9 are the experimental (solid line) and simulation (dotted line) results for a device with ε = 0.40 and R 0 = 80 µm at a pumping current of 500 mA. Directional emission was obtained in the far-field with an angular divergence (FWHM) of around 33 • for this device, which is smaller than those reported for stadium-shaped lasers [42] , QC spiral lasers [29] and rational caustic resonator laser [24] (∼35 • ). The most intense feature in the far field appears in the θ = 0 direction, and is approximately twice as large in terms of power level compared to the two side peaks near the θ = ±135 • directions. The small discrepancy of the FWHM of the main peak between the experimental result (33 • ) and the ray optics simulation (30 • ) is most likely due to the surface roughness that broadens the main lobe. For other measured devices with R 0 = 50 and 110 µm and ε = 0.40, similar directional emission was also obtained demonstrating that the far-field profile of the Limaçon structure is independent of the size once R 0 is reasonably larger than the emission wavelength in the cavity. The far-field profiles were essentially independent of the pumping current. Figure 10 shows the evolution of the far-field profiles as a function of pumping current for a representative device with R 0 = 80 µm and ε = 0.40. At higher pumping current, lower Q-factor non-WGMs appear (figure 4(a)); however because of the property of 'universal far-field behavior' the far-field profile of this device is not significantly changed as the pumping current increases from 500 to 600 mA and 710 mA.
We also measured the far-field pattern of the Limaçon-shaped lasers in the direction parallel to the growth direction. As expected, the vertical far-field profile exhibits a similar divergence angle about 80 • comparable to that of the ridge laser device [41] .
Sensitivity of far-field profiles to deformation.
For a low deformation factor of ε = 0.20, our simulations show a directional emission along the θ = 0 direction as seen in figure 11 (a) (the dotted line). Experimentally, we obtained however a broader main lobe with multiple peaks (the solid line). This is mainly due to the fact that the output power of a microcavity with a small cavity deformation is too weak to dominate over the parasitic scattering due to the inevitable surface roughness. We also noticed that when ε is small the peak positions in the far-field for different devices are actually different, thus supporting the notion that for small deformation, the effects of roughness scattering dominates the features present in the far-field. At a higher deformation factor of ε = 0.67 the experimental (solid line) and simulation (dash line) far-field profiles show a main lobe containing several sub-peaks with larger divergence angles around 60 • ; see figure 11(b) . There is a very good agreement between the simulation and experimental results. To further investigate the dependence of the far-field profile on the deformation factor ε, we processed several samples with ε = 0.37 and 0.43, and measured their far-field profile. In this range of cavity deformation, the maximum difference in the cavity sizes along the short axis for R 0 = 80 µm devices about 5 µm, well within the fabrication resolution of photolithography. Figure 12 demonstrates that the experimental (solid line) and the simulation (dotted line) results show reasonably good agreement. The shape, the position and FWHM of the main lobe of the far-field profiles are insensitive to the deformations of Limaçon structure from ε = 0.37 to 0.43. Figure 13 . Threshold current density and the corresponding quality factor of the Limaçon cavity, calculated from the data, as a function of deformation factor. The size of the structure is fixed at R 0 = 80 µm.
Threshold current density and quality factor
We also characterized the threshold current density and the quality factor of the Limaçon microcavity. The Q factor can be expressed as Q = 2π n eff /(λ 0 J th g act ), where λ 0 is the wavelength in vacuum, J th is the threshold current density, g is the gain coefficient, and act is the mode confinement factor for the active region [4] . The gain coefficient and the waveguide losses α w of the microcavity laser can be estimated from the measurement of ridge waveguide lasers by studying the dependence of the threshold current density on the cavity length. From ridge laser devices processed from the same material with different lengths, we deduced g act = 8.0 × 10 −3 cm A −1 , and α w = 15.6 cm −1 using the relationship J th,ridge = (α m + α w )/g act [34] . Since the waveguide losses of the microcavity laser are nearly the same to those of the Fabry-Perot ridge laser while the threshold current density is smaller, the value of the scattering losses including the out-coupling loss is small (α out = 0.4 cm −1 ) as deduced from J th = (α out + α w )/g act (for microcavity laser). This demonstrates that the losses in the Limaçon microcavity are mainly dominated by the waveguide losses. For ε = 0.40 a Q-factor around 1250 is obtained. It is larger than that of the other deformed microcavity lasers emitting at a similar wavelength at low temperature [4] . This Q factor is even similar to that of the circular-shaped QCLs [22] , and it is also comparable to those that were calculated for circular semiconductor microcavities [43] . This is not surprising due to material and device processing improvements since those earlier reports and to the Limaçon resonator, which supports high Q-factor whispering gallery-like modes. We note that, due to the high optical losses associated with free carrier absorption at mid-infrared wavelengths, the measured Q-factor in our devices is much smaller than the value obtained in simulations, where the free-carrier waveguide losses are not considered. The quality factor and threshold current density as a function of the deformation parameter ε of the Limaçon structure is shown in figure 13 . As expected, the larger the deformation, the lower the quality factor and the higher the threshold current density. A structure with a lower deformation gives a more confined whispering gallery-like mode, which results in a lower coupling loss, and therefore a lower threshold current density and a lower output power.
Robustness of the Limaçon QCLs performance with respect to variations of the deformation
We also conducted a systematic experimental study on the robustness of the Limaçon QCL performance with respect to the variation of the deformation factor. The threshold current density, light power, slope efficiency and Q-factor of different samples with different deformations ε = 0.37, 0.40 and 0.43 are shown in table 1. The threshold currents and Q-factor values are remarkably insensitive to variations in ε in that range, while the output power and thus the slope efficiency improve slightly with increasing the deformation. These results, together with the fact that the far-field profile of Limaçon lasers does not vary significantly for ε comprised between 0.37 and 0.43 (see section 3.3.4) show the robustness of the characteristics of Limaçon microcavity structure with respect to deformations near the optimum value. This property significantly reduces the requirements on precise photolithography fabrication of the structure.
Conclusion
Limaçon-shaped microcavity QCLs operating at room temperature have been systematically studied and experimentally demonstrated at λ ≈ 10 µm. Low divergence light emission and whispering gallery-like modes were observed from the Limaçon-shaped microcavity with deformations 0.37 < ε < 0.4. The measured far-field profiles are in excellent agreement with the results of both ray optics and wave simulations. Peak optical power of about 10 mW at room temperature was obtained from a 110 µm-radius device. In addition, the unique robustness of the performance of the Limaçon microcavity structure against the variation of the deformation near its optimal value was demonstrated experimentally.
